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ABSTRACT. Marble brain disease (MBD) also known as Guibaltinsel syndrome is caused by autosomal
recessive mutations in the human carbonic anhydrase 1l (HCA II) gene. HCA 1l is a 259 amino acid
single domain enzyme and is dominated by a 10-strajfdeldeet. One mutation associated with MBD
entails the H107Y substitution where H107 is a highly conserved residue in the carbonic anhydrase protein
family. We have previously demonstrated that the H107Y mutation is a remarkably destabilizing folding
mutation [Almstedt et al. (2004). Mol. Biol. 342 619-633]. Here, the exceptional destabilization by

the H107Y mutation has been further investigated. A mutational survey of position H107 and a neighboring
conserved position E117 has been performed entailing the mutants H107A, H107F, H107N, E117A and
the double mutants H107A/E117A and H107N/E117A. All mutants were severely destabilized versus
GuHCI and heat denaturation. Thermal denaturation and GuHCI phase diagram and ANS analyses showed
that the mutants shifted HCA Il toward populating ensembles of intermediates of molten globule type
under physiological conditions. The native state stability of the mutants was in the following order: wt
> H107N> E117A > H107A > H107F> H107Y > H107N/E117A> H107A/E117A. In conclusion:

(i) H107N is least destabilizing likely due to compensatory H-bonding ability of the introduced Asn residue.
(i) Double mutant cycles surprisingly reveal additive destabilization of HL07N and E117A showing that
H107 and E117 are independently stabilizing the folded protein. (iii) HL07Y and H107F are exceptionally
destabilizing due to bulkiness of the side chains whereas H107A is more accommodating, indicating
long-range destabilizing effects of the natural pathogenic H107Y mutation.

There are hundreds of loss-of-function diseases that aremutations in the HCA Il gene have been reported to cause
caused by protein misfolding. These include well-known CADS (14—16). One of the mutations first described in a
diseases such as p53 tumor suppressor related cancer, cyst@elgian patient homozygousifa C to Tsubstitution in exon
fibrosis, and phenylketonuria, all caused by somatic or 3 resulted in the replacement of a highly conserved His at
familial mutations. The molecular rationale of the majority position 107 by Tyr {7). This mutation has since been
of loss-of-function folding diseases are hampered by the lack reported in three more families from Italy and Japan where
of specific protein folding/misfolding information of the  tne patients show a range in disease severity including mental
proteins involved. Human carbonic anhydrase Il (HCA Il gisturbance. All patients had RTA and osteopetrosis.

has been a model protein for protein folding studies for a . .
long time, and its pathways for folding, misfolding, aggrega- The H107Y mutation has been carefully characterized by

tion, and interactions with molecular chaperones have beenUS 18), @nd it was shown by activity measurements, inhibitor
mapped by usi—12). bmdmg, |ntr|n3|c.Trp fluorescence, and NMR measurements
One orphan loss-of-function folding disease is carbonic that this mutant is folded at low temperature’ (), but that
anhydrase Il deficiency syndrome (CADS), also known as the mutant structure is more dynamic than the wild type
marble brain disease (MBD) or GuibauWainsel syndrome. ~ €nzyme. The native state stability of the mutant was
This disease is due to the misfolding of human carbonic decreased by 9.2 kcal/mol and the midpoint of denaturation
anhydrase I, and it gives rise to osteopetrosis in combination (Tm) had decreased by a staggering’89 To our knowledge
with renal tubular acidosis (RTA), cerebral calcification, this is the greatest degree of protein destabilization measured
growth retardation, dental malocclusion, and in most of the for a natural occurring human mutation. It was also shown
cases also mental retardatioh3). Twenty three different  that this mutant folds via a new intermediate, that we called
molten globule light. The molten globule light intermediate
* Corresponding author. Phone (46)-13-285690, fax (46)-13-281399, is more folded than the classical molten globule characterized

e-mail: perha@ifm.liu.se (P. Hammarstrh i
1 Abbreviations: ANS, 8-anilino-1-naphthalenesulfonic acid; CADS, for HCA Il and hence exposes less hydrophobic surface area.

carbonic anhydrase Il deficiency syndrome; HCA II, human carbonic 1 NiS imerme‘jiate i_S not aggregation prone at |OW protein
anhydrase II; HCA I, human carbonic anhydrase Il pseudo wild type ~ concentrations but is very prone to aggregate at high protein

entailing a C206S mutation; MBD, marble brain disease; NGCA, concentrations. We also showed that the folding equilibrium
carbonic anhydrase froiMesseria gonorrhoeanear-UV CD, circular be shifted dth . by bindi fth I
dichroism in the wavelength region 240-320 nm; RTA, renal tubular C@N D€ shiited toward the native state by binding of the small-

acidosis. molecule drug acetazolamide.

10.1021/bi701720p CCC: $40.75 © 2008 American Chemical Society
Published on Web 01/12/2008




H107Y/F/N/A Mutants of Carbonic Anhydrase Il Biochemistry, Vol. 47, No. 5, 2008.289

To further investigate the devastating effect of the HLI07Y  Activity MeasurementsThe activity of the mutants and
mutation, a mutational study of this position and a neighbor- HCA I, was measured by the colorimetric g@ydration
ing interacting position E117 was performed in this work. method described by Rickli et al21).
Double mutants and small molecule binding interactions were  Stability Measurement3.o determine the stability of the
employed to elucidate the thermodynamic stability contribu- mutants toward thermal denaturation, the intrinsic Trp
tion of the H107 residue. The enormously destabilizing fluorescence was measured & 1 cmpath-length quartz
effects of the H107Y mutation is not due to loss of specific cuvette, by a Hitachi F-4500 fluorescence spectrophotometer
interactions with residue E117; instead it is caused by long- using a thermostated cell. The excitation wavelength was
range sterical destabilizing effects of the bulky tyrosine 295 nm, and the spectra were collected between 305 and

residue. 450 nm with both the entrance and exit slits set to 5 nm.
The protein concentration was Q&1 in 100 mM Na-borate
MATERIALS AND METHODS buffer, pH 7.5. The measurements started &C4and the

temperature was increased by’G and held for 7 min to
allow equilibration before the next measurement. The thermal
stability was also determined by activity measurements, using

Materials. Ultra Pure GuHCI was obtained from ICN
Biomedicals and the concentration of all GuHCI solutions
was determined by refractometrical measuremed. ( the CQ-hydration assay above

8-Anilino-1-naphthalenesulfonic acid (ANS) was obtained 14 yetermine the stability of the mutants toward denatur-
from Sigma, and isopropyl-p-thiolgalactopyranoside (IPTG) ation by GUHCI, the enzymes (0,8M, 100 mM Tris-

was obtalr_1ed from Sa\{eten.. o H,SO, and pH 7.5) were incubated for 20 h at@ in various
Production and Purification of MutantsSite-directed  concentrations of GUHCI. Thereafter Trp fluorescence spectra
mutagenesis was performed with the Quik-Change site- yere collected at 4C, using the same instrument parameters
directed mutagenesis kit from Stratagene. Oligonucleotide a5 apove. The data were fitted to two separate unfolding
primers were ordered from DNA Technology A/S and TAG transitions for calculation of the Gibbs free energy of
Copenhagen A/S. The mutageneses were performed withynfolding for the transitions from the native, N, to the
pseudo wild type HCA 1l (HCA W.) as a template intermediate, I, and from the I to the unfolded, U, state,
containing the mutation C206S, possessing the same properrespectively AGy and AGy). A linear dependence of the
ties as the wild type HCA II. The following primers were  GuHCI concentration of the Gibbs free energy of unfolding
used to generate the mutants: was assumed for both transitiong2( according to the
H107F formulas:
5 GAT GGA CAA GGT TCA GAGTTT ACT GTG
GAT AAA AAG AAA TAT GC 3 AGy, = AGy "™ — my[GuHCI] (1)
5 GCATATTTCTTT TTATCC ACAGTAAACTCT HO
GAA CCT TGT CCA TC 3 AGy =AG, ™ — my[GuHCI] )
H107A

! whereAGH:0 denotes the Gibbs free energy of unfolding of
5 GAT GGA CAA GGT TCA GAG GCT ACT GTG the mutant in the absence of denaturant endenotes the

GAT AAA AAG AAA TAT GC 3 slope of the dependence of the stability on the denaturant
S'GCATATTTC TTTTTATCC ACAGTAGCC TCT concentration which reflects the cooperativity of folding and

GAA CCT TGT CCATC 3 is proportional to the exposure of solvent accessible surface
H107N area 23).

5 GAT GGA CAA GGT TCA GAG AAT ACT GTG The stability of the mutants toward denaturation by GuHCI
GAT AAA AAG AAA TAT GC 3 was also measured as above when the mutants were
5 GCATATTTC TTTTTATCC ACA GTATTC TCT incubated for 10 min with the inhibitor acetazolamide (final

GAA CCT TGT CCA TC 3 concentration 1&M) before denaturation by GuHCI. The
E117A denaturation data in the presence and absence of inhibitor

) were used for calculation of the stability of the native
S GTG GAT AAA AAG AAA TAT GCT GCA GCA conformation using formula 1. The stabilizing effect of

CTT CAC TTG GTT CAC TGG 3 acetazolamide binding only affects the first transition, due
5 CCA GTG AAC CAA GTG AAG TGC TGC AGC to selective binding to the native state, and was calculated

ATATTT CTT TTT ATC CAC 3 from the formula:
E. coli BL21/DE3 containing the mutated plasmid pACA
was grown in X Luria Broth medium with 60ug/mL AAG™ = AG — AG,, (3)

ampicillin at 37°C, until Asso nmwas 0.8, and then placed at

room temperature (22C). When the medium had cooled, whereAAGA® denotes the stabilizing energy of acetazolamide
the protein production was induced by adding IPTG and and AGy”° denotes the Gibbs free energy of unfolding of
ZnSQ to a final concentration of 0.5 mM each, and the the mutant in the presence of L1 acetazolamide.

protein production was stopped after 4 h. The cells were lysed Phase diagrams were obtained by plotting the Trp-
by a freeze-thaw method using an X-Press of type X-25 fluorescence intensities for different GUHCI concentrations
from BioX, and the supernatant was run on an affinity at 320 nm (I 320) versus the intensity at 365 nm (I 365).
chromatography column at°€ to purify the mutant protein  Linear shifts in either parameter versus GuHCI are correlated
(20). The protein concentration was determined by measure-to conformational transitions as described by the Uversky
ment of Axgo, USiNgeg0 = 54 800 Mt cm™2. group @4).
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ANS Measurement8:Anilino-1-naphthalenesulfonic acid,
ANS, was added to a final concentration of 44 just prior
to the measurements) a 1 cmpath-length quartz cuvette,
to samples containing the mutant proteins (Mg 100 mM
Tris-H,SO, and pH 7.5) with or without preincubation with
acetazolamide (final concentration 4M) in various con-
centration of GUHCI. The excitation wavelength was 360

Almstedt et al.

Yield and Enzyme Acity of Mutants.The proteins were
expressed ifEscherichia colibacteria at 22C for 4 h, and
the protein was purified by affinity chromatography. The
yield of the mutants was significantly lower than the yield
of pseudo wild type protein. The average yields of native
protein varied for the different mutants and pseudo wild type
between 1 mg/L and 70 mg/L of liquid culture (Table 1).

nm and the emission spectra were recorded in the wavelengthAll single mutants showed high enzyme activity (€0

region 380-600 nm, with both entrance and exit slits set to

hydration) ranging from 64 to 93% of HCAlk (Table 1)

10 nm. The area of the ANS fluorescence intensities were when assayed at low temperature (incubation‘@ 4ssayed

determined in the wavelength region 46810 nm and were

in ice cold buffer 1+ 1 °C). The double mutant H107N/

plotted versus the GUHCI concentration. The integrated areaE117A was almost inactive (1%), and no measurable activity

of the ANS fluorescence intensity in the range of molten
globule formation (6-2 M GuHCI) was determined for each
mutant.

Aggregation Measurementsight scattering was used to

determine the formation of large aggregates. The protein

sample (1.7uM, 100 mM Tris-HSO, and pH 7.5) was

was found for the H107A/E117A mutant. The relative order
of enzyme activity was HCA}l,x > H107A > E117A >
H107F > H107N > H107Y > H107N/E117A> H107A/
E117A.

Near-UV Circular DichroismNear-UV CD (at 4°C) was
used to obtain a fingerprint of the tertiary structure of the

illuminated by light of 330 nm, and the intensity of the single mutants. The negative peaks at 270, 282, and 292 nm
reflected light (332 nm) was measured at right angle from reflects the asymmetric structure surrounding the 7 Trp
the incoming light,m a 1 cmpath-length quartz cuvette. The residues in HCA Il 26). All mutants showed native like
temperature was increased and controlled as described abovespectra but with decreased amplitudes of the peaks (Figure
The entrance slit was set to 10 nm, and the exit slit was set2a). The decreased amplitudes reflect the increased side-chain
to 1 nm. dynamics of the mutants compared to HCAul even at

this low temperature. The relative order of near-UvV CD
RESULTS

signal was HCA I} > E117A > H107N > H107A >

Selection of MutantsThe positions of H107 and E117 H107F> H107Y.
are in the vicinity of the active site with a distance of 7.6 A Thermal StabilityThe thermal stability of the protein was
and 10.2 A to the zinc atom. Amongcarbonic anhydrases measured by enzyme activity and by intrinsic Trp fluores-
the positions of H107 and E117 are totally invariant in higher cence. HCA I}, showed a midpoint temperature of inactiva-
organisms. The only exceptions that we have found are intion (Tsg) at 55 °C. The data for the single mutants are
bacterial carbonic anhydrases. Here variations are found insummarized in Table 1, and the activitgtability curves are
carbonic anhydrase froieisseria gonorrhealNGCA) and shown in Figure 2b. A variety of mutant stabilities were
carbonic anhydrase frofdelicobacter pylori(25). obvious from the thermal melting curves showihgvalues

Five single mutants (H107A, H107N, H107F, H107Y, and in the range of 1640 °C for the single mutants (Figure 2b,
E117A) and two double mutants (H107N/E117A and H107A/ Table 1). The least stable single mutant was the disease
E117A) were generated using the pseudo-wild type HCA associated H107Y mutant. It is also apparent from a closer
llow @s a background. The HCA l entails a C206S  examination of the temperature melting curves of the mutants
mutation that renders HCA Il cysteine free and shows that there is a 1620% pretransitional inactivation transition
indistinguishable folding and functional properties from the (Figure 2b). The double mutant (H107N/E117A) showed no
wild type protein 4, 5, 7—10). The mutant H107A was  activity at all, even though it was purified by affinity
selected to remove side chain interactions, such as thechromatography, which requires a native active site in the
formation of hydrogen bonds and to minimize sterical protein.
disturbance. H107F was constructed to remove the hydrogen- Unfolding of HCA 1l can be monitored by the Trp-
bonding phenolic hydroxyl group of the H107Y mutant, fluorescence wavelength shift, because HCA Il has seven
while preserving the sterical interference properties. HL07N Trp residues well distributed throughout the protein
was designed with respect to the stable homologous bacteriaktructure. In the folded protein the Trps fluoresce with a
carbonic anhydrase fronNesseria gonorrhea(NGCA), peak at 335337 nm, in the molten globule state this
which has an asparagine (N99) in the analogous position topeak has blue-shifted to 34344 nm, and in the unfolded
H107 in the human protein. E117 is a neighboring residue protein the Trp fluorescence peak is centered at-355
in the folded HCA Il structure located in the opposite nm (10). Following the Trp wavelength maximum is a
direction to H107. In NGCA this is also a glutamic acid more reliable probe on global unfolding events for HCA I
(E109) (Figure 1b). E117 and H107 form two hydrogen than changes in intensity due to energy transfer between
bonds in the structure between the carboxyl group of E117 Trp residues Z7). By GuHCI HCA Il unfolds via an
and the backbone and side chain of H107 (Figure 1la). An intermediate (molten globule) in a three-state process (see
additional H-bond was implicated to be possible in the wild below), but with thermal denaturation HCA Il can only be
type structure; however, the distance is rather long (3.7 A). unfolded to the molten globule sta®, 28). The temperature
The E117A mutation was generated to remove hydrogenmidpoint of denaturationT,) for HCA Iy was 61°C
bonds between residue 117 and 107. The double mutantgFigure 2c, Table 1). The thermal denaturation of the
H107A/E117A and H107N/E117A were made to experi- mutants show that all single mutants are destabilized,
mentally probe the interaction energy between H107 and showing a range of s (22-40 °C) close to theTso values
E117 using a double mutant cycle. of thermal inactivation (Table 1). The H107F mutant is
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Ficure 1: Structure of carbonic anhydrase and location of mutation sites surrounding the 107 disease mutant. (a) X-ray crystal structure
of HCA 1l with indicated positions 107 and 117. The protein structure is dominated by a mainly antipssifieét structure spanning the

entire molecule. The central cavity (framed) contains the active site. Positions 107 and 117 are closely located to the active site Zn-ion but
are not directly involved in the active site. Two H-bonds and a third distant H-bond distance are indicated. The HCA Il structure was
obtained from pdb code 2CBA6). (b) Superposition of carbonic anhydrases from human (HCA II) (red)Nes$eria gonorrhe@NGCA)

(yellow) indicating the side chains as stick models of His107/Glu117 (HCA Il) and Asn99/Glu109 (NGCA) to display the overall agreement
for these residues in the three-dimensional structure. Coordinates from this figure are provided from RCSB Protein Data Bank (accession
code 2CBA and 1KOP) and the figures were generated in Pymol.

almost as destabilized as H107Y, which hag,eof 22 °C molten globule state/molten globule light state at this
(Figure 2c and Table 1). The double mutant (H107N/E117A) temperature.

shows a Trp fluorescence peak at 340 nm already ‘&,4 In summary both probes showed the following order of
indicating that the protein is in the molten globule state/ thermal stability:

molten globule light state at this temperature. This also HCA Iy > H107N > E117A > H107A > H107F >
explains the minute enzyme activity of the double H107Y > H107N/E117A> H107A/E117A.

mutant. The double mutant H107A/E117A showed a Trp  Temperature-Induced Aggregatiohhe formation of ag-
fluorescence peak at 341 nm at@ (data not shown) which  gregates as a function of temperature was followed by right
was even more red-shifted than that of H107N/E117A. angle light-scattering measurements (330 nm). This type of
Furthermore, the H107A/E117A mutant showed no measur- aggregation measurements reflects the formation of large
able activity, indicating that this mutant was also in the aggregates inducing turbidity in the sample. The aggregation
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Table 1: Yield, Enzyme Activity, Thermal Stability, and —
Aggregation . W07
activity g
Tm Tso Ta yield (% of =)
mutant (°CPR  (°C  (°C)F (mg/L)¥ HCA llpw)® T
HCA Il 61 55 57 70 100 3
H107Y 22 16 61 6 64 %
H107A 32 27 55 11 93 =
H107F 24 21 57 9 71
H107N 40 40 59 40 65
E117A 34 33 58 32 77 30040 250 260 270 280 290 300 310 320
H107A/E117A <4 NDf ND 1 ND nm
H107N/E117A <4 ND ND 2 1

2Ty, = Midpoint temperature of denaturation, monitored by Trp
fluorescence® Tso = Midpoint temperature of inactivatiof.T, =
Midpoint temperature of aggregatiohYield of pure HCA Il per liter
of BL21/DE3E. coli culture after protein expression at 2. ¢ The
enzyme activity was determined at#1 1 °C by the CQ hydration
assay/ND = Not determined.

8

Activity (%)
3 3

temperature midpoinfrg) for HCA Il and all mutants are
all in the range 5561 °C despite the wide variation iy,
andTsp values (Figure 2c, Table 1). Importantly, there was 0
no correlation between aggregation temperature and thermal

stability.

Stability toward Denaturation by GuHCUsing GuHCI

0 10 20 30 40 50 60 70 &80
Temperature (°C)

denaturation followed by the Trp-fluorescence wavelength 35
shift enables monitoring the unfolding of HCA Il to the C
totally unfolded state via the intermediate molten globule 350

state. Figure 3 shows the unfolding curves for all single
mutants and HCA H.. All single mutants exhibit a three-
state unfolding profile. The midpoints of denaturation for
the two transitions were calculated and are summarized in
Table 2. The first unfolding transition showed that the native
state for all mutants is highly destabilized in comparison with
HCA Ill,w. The unfolding of the intermediate,+ U, was
independent of the introduced mutation, clearly indicating
that the mutations only destabilize the tertiary structure as
expected from a molten globule type intermediate. Further-
more, the Gibbs free energy of unfoldind\Gn,, was 2000
calculated from linear extrapolation as a function of GUHCI
concentration. The Gibbs free energy of unfolding of the
native states of the mutants was in the range-@.9 kcal/
mol, to be compared with 9.6 kcal/mol for HCAyJt. The
trend of stability toward chemical denaturation essentially
followed that of thermal denaturation, i.e.; HCAH{ >
E117A > H107N > H107A > H107F > H107Y with the
exception that E117A was more stable than H107N. E117A -500
also showed a less dynamic tertiary structure than H107N

by near-UV CD at 4°C (Figure 2a). As evident from the . N
Trp wavelength shift the double mutants H107A/E117A and Ficure 2: Folding and thermal stability of HCAIl mutants. (a)

. . . Near UV CD spectroscopy shows the native asymmetric structure
H107N/E117A are alreadyt @ M GUHCl in the intermediate ¢t 'tha HCA 11 single mutants (symbols: H107Y (blue), H107A

state, and this makes it impossible to calculate midpoints of (pink), H107F (black), H107N (green), E117A (orange), and HCA
denaturation for the first transition from these data, see Tablell,w (red)). Stability toward thermal denaturation monitored by
2. This proved to be possible by the use of small molecule Measurements of (b) enzyme activity (symbols as in a) and (c) Trp

oot fluorescence (symbols as in a) and HL107N/E117A (yellow). The
stabilization for H1I07N/E117A (see below). protein concentration was 08V in 100 mM sodium borate, pH

Small Molecule Inhibitor StabilizatiorAromatic sulfona- 7.5, in both a and b. (d) Thermal aggregation (symbols as in a).
mide affinity chromatography purification of the double The aggregation reaction was measured by right-angle light-
mutant H107N/E117A was successful, showing that the scattering. The protein concentration wasAMin 100 mM Tris-

: ! . H,SO,, pH 7.5.
mutant can fold and possess a native structure in the presence
of an inhibitor. However, following elution of the mutant activity and a Trp fluorescence peak at 340 nm even‘al 4
from the sulfonamide column, the mutant partially unfolds in the absence of denaturant (see above). Since inhibitor

into a molten-globule light state, which is evident from low binding was successful in affinity purification, the aromatic

A max (nm)

0 10 20 30 40 50 60 70 80
Temperature (°C)

2500

1500
1000

500

Intensity at 332 nm

0

0 10 20 30 40 50 60 7O &80
Temperature (°C)
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Ficure 3: Thermodynamic stability of HCAIl mutants versus
GuHCl denaturation. The stability of HCAl: (red), HLO07Y (blue),
H107A (pink), H107F (black), HLO7N (green), E117A (orange),
and H107N/E117A (yellow), toward denaturation by GuHCI
measured by Trp fluorescence {€). The protein concentration
was 0.8«M in 100 mM sodium borate buffer, pH 7.5.

sulfonamide appeared to function as a chemical chaperon
to prevent misfolding by shifting the folding equilibrium

toward the native state. We therefore used the small molecule

inhibitor acetazolamide which has nanomolar affinity to
native HCA Il to induce folding of the mutanf9).

All mutants were incubated with acetazolamide prior to
GuHCI denaturation to quantify the stability effecAsAGA°,
of the inhibitor binding. The mutants were stabilized by-0.8
3.2 kcal/mol, data shown in Table 2.

Calculation of the Interaction Energy between H107 and
E117.The double mutant HLO7N/E117A was refolded to
the native state at 4C when preincubated with acetazola-

mide, and by using the data from the single mutants we could

calculate theAG":° value for the double mutant without

Biochemistry, Vol. 47, No. 5, 2008.293

showing a highly destabilized protein, which is unfolded to
the molten globule light state even at low temperatures and
in the absence of denaturant.

Probing Formed Molten Globules by ANS Fluorescence.
The fluorescent probe ANS was used to determine the
amount of intermediate formed during unfolding by GuHCI
(31). When ANS binds to hydrophobic sites in the molten-
globule state, the ANS fluorescence is blue-shifted from 520
nm for the solvent-exposed molecule to 480 nm, and the
intensity is strongly augmented. The integrated intensity
between 440 and 520 nm was plotted as a function of GUHCI
concentration, and the amount of ANS bound to the molten-
globule intermediate was determined by integrating the total
ANS fluorescence in the-62 M GuHCI interval where all
mutants and HCA H,: had a populated molten globule at
GuHCI concentrations corresponding to the plateau phase
of the Trp fluorescence in Figure 3. Quantification of the
amount of the intermediate by the ANS fluorescence is listed

ein Table 2 and shows the following order of the amount of

populated molten globule: H107¥ E117A > H107F >
H107N, HCA Il,w: > H107A > H107N/E117A. Higher ANS
binding to H107Y, E117A, and H107F than to HCAH|
indicates that these mutants populate both the molten globule
light state and the molten globule state8), The H107N
mutant and HCA W likely only populate the molten globule
state. The double mutant H107N/E117A is likely too
destabilized to extensively populate both intermediates and
is likely shifted toward a more unfolded state. The reason
why H107A shows a decreased population of intermediate
is unknown.

The data from the ANS measurements showed that the
amount of the molten globule intermediate formed in the
presence of acetazolamide was lower than in the absence of

inhibitor bound. In these calculations we assumed that thethe inhibitor (Figure 4a; Table 2). The suppression of molten

stabilizing effect of acetazolamide binding is an average of
the effect on the two single mutants (H107N and E117A),
i.e. 2.8 kcal/mol and 0.8 kcal/mol, respectively (Table 2),
resulting in an average binding energy of 1.8 kcal/mol.

Hence, the calculated stability of HLO7N/E117A in the
absence of a small moleculsGy, is estimated to be merely
0.1 kcal/mol; likely explaining why the H107N/E117A
mutant is unfolded to the molten globule light state even at
0 M GuHCI.

From a double mutant cycle we can calculate the interac-

tion energy AGin)) between the H107 and E117 residues in
HCA 11 (30): AGint = AAGNPYHIOIN 4 AAGyPWMEELLTA —
AAGyPVHIOINELTA= 5 44 4.7 — (9.6 — 0.1) = 0.6 kcal/
mol.

The total destabilization energy of the mutations in the

globule was especially notable at low GuHCI concentrations
(<1.0 M) but was less pronounced at intermediate concen-
trations of GUHCI (2 M). This suppression effect was
reported previously for HL07Y18) and indicates a shift in
equilibrium from the molten globule states toward the native
state by inhibitor binding and hence shifting the unfolding
pattern of the mutants toward pseudo-wild type appearance.
The suppression effect caused by a small molecule inhibitor
was different for all mutants (Figure 4a). Surprisingly, there
was no correlation between the amount of molten globule
suppression and the extent of Gibbs free energy stabilization
of acetazolamide (Figure 4b). All single mutants showed
higher amounts of molten globule compared to HCAl
in the presence of acetazolamide (Figure 4a).

Phase Diagram Analysis. Fishing for Hidden Intermedi-

double mutant is 9.5 kcal/mol. Hence, the interaction energy ates. Analysis of protein unfolding reactions using Trp-

between H107 and E117 of 0.6 kcal/mol, must be regardedfluorescence wavelength shifts provides a good global
as almost negligible, and the destabilizing effects of the single analysis of the protein stability. From these measurements
mutations are essentially additive. This indicates independentit was evident that intermediates were populated at the
stabilizing effects of the H107 and E117 residues. Further plateau in the folding transition curves, as discussed above.
evidence for this comes from the double mutant H107A/ The plateaus where molten globule and molten globule light
E117A, which yielded a very small amount of protein during intermediates are populated coincide with loss of enzyme
purification (Table 1) and was even less folded than H107N/ activity and formation of ANS-philic carbonic anhydrase
E117A in buffer (see above). The theoretical stability of the intermediatesi8, 32). While ANS binding has been widely
H107A/E117A mutant can be estimated after subtraction of used for detection of intermediates, there is also a revived
the summed destabilizations of the single mutations HL07A way of investigating invisible population of folding inter-
and E117A from the stability of HCA }|... This calculation mediates which was demonstrated by the Uversky group
gives a stability of —3.4 kcal/mol for H107A/E117A,  where spectral properties reflecting quantifiable amounts of
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Table 2. Protein Stability at 4C by GuHCI Denaturation

Cn? Cn? nm? AGHL2 AAGHP2  AAGHe? % molten globule % molten globule

mutant N—IM) I—UM) N—I N-—I(kcal/mol) (kcal/mol) (kcal/mol) of pseudo-wildtype  with inhibitor®
HCA Il pwt 1.05 1.62 -9.1 9.6 - 100
H107Y 0.04 151 —10.5 0.4 9.2 175
H107A 0.14 1.66 —-9.3 1.3 8.3 82
H107F 0.08 166 —12.8 1.0 8.6 110
H107N 0.41 1.66 —10.4 4.2 5.4 103
E117A 0.56 1.53 -8.7 4.9 4.7 133
H107A/E117A ND ND¢ ND¢ -3.4 12.4 ND
H107N/E117A —¢ 1.70 —¢ -0.¢ 10. 68
HCA Il put-Act —d —d —d —d —d 58
H107Y+Ac 0.28 1.62 -12.0 3.4 3.0 68
H107A+Ac! 0.51 1.56 -8.8 4.5 3.2 78
H107F-Acf 0.30 1.63 -7.9 24 14 98
H107N+Ac' 0.87 1.73 -8.1 7.0 2.8 94
E117A+Ac 0.98 1.59 —5.8 5.7 0.8 66
H107N/E117A+AC 0.39 1.49 —-4.8 1.9 1.8 58

aMeasured by Trp fluorescenceMeasured by ANS fluorescenceThis mutant is in the intermediate state alreatl) M GuHCI at 4°C.
d Apparent single unfolding transitioACalculated value, see main text for detalls the presence of 10M acetazolamide (Ac). ND= Not

determined.

different states are measuredd). For HCA Il there is

0.05 and 1.0 M, the H107Y mutant displayed a zigzag pattern

pronounced energy transfer between Trp residues which iswith large amplitude differences for both fluorescence

mostly evident in the native structure and to some extent in
the molten globule stat®7). The energy transfer processes
complicate the interpretation of global unfolding transitions
when applying Trp fluorescence intensity measured at a

parameters. This is drastically different from the HCAI
pattern and indicates that the H107Y mutant forms an
ensemble of intermediate states in the interval 609 M
GuHCI devoted to the molten globule light and molten

single wavelength, but an analysis of combined wavelengthsglobule states. In the range +8.0 M GuHCI the mutant

as a function of GUHCI could illuminate populated interme-
diates and their properties. To this end we selected Trp
fluorescence intensities at 320 and 365 nm reflecting the
amount of folded (blue-shifted) and unfolded states (red-

showed one transition reflecting unfolding to the unfolded
state followed by a final transition in the unfolded state {3.0
5.0 M GuHCl).

During binding to the small molecule inhibitor acetazola-

shifted), respectively. When these parameters are plotted inmide, the phase diagrams became more defined, especially

an x-y graph, cooperative unfolding transitions should be

for the H107Y mutant (cf. Figure 5a and 5b with Figure 5c

detected as straight lines between connecting points fromand 5d). For H107Y in the presence of the inhibitor the

different concentrations of GUHCR4). Figure 5a and 5b
show the phase diagrams of HCAJland the disease mutant
H107Y at 4°C. The phase diagram for HCAylk showed
five straight well-defined transitions. Notably, the first
transition (6G-0.8 M GuHCI) is within the pretransitional
baseline obtained with Trp fluorescence shift where the
protein is folded and enzymatically active. This indicates a
possible hidden intermediate, previously un-noticed. The
native structure during this interval of GuHCI indicated
decreased fluorescence intensity likely from side-chain
dynamics inducing quenching of one or more Trps. The
second transition (0-81.1 M GuHCI) coincides with the
formation of the molten globule intermediate. The third
transition occurs between 1.15 M and 1.5 M GuHCI where
the molten globule starts to unfold followed by a fourth
transition between 1.5 and 2.0 M GuHCI. The fifth unfolding
transition occurs between 2@5 M GuHCI where there is
an increase in the 365 nm Trp fluorescence intensity that
likely reflects unfolding of residual structure33) that
previously has been investigated in detail by site-specific
labeling of cysteine residues in the hydrophobic cdres(
7, 8).

A diverging pattern from HCA Y, was evident when the

diagram revealed only one broad transition from 0 to 1.2 M
GuHCI where the zigzag pattern at intermediate GuHCI
concentrations was suppressed correlating well with lower
ANS binding in the presence of acetazolamide. For HCA
[l owt the molten globule transition (1.33..5 M GuHCI) was
suppressed in the presence of the inhibitor as expected from
ANS measurements.

Phase diagram plots were generated for all mutants of the
study in the absence and presence of acetazolamide (Sup-
porting Information Figure 1). In the absence of inhibitor
all mutants show multiple transitions often with zigzag
patterns at intermediate concentrations of GUHCI, showing
that the complicated energy transfer processes within HCA
Il are vividly sensed in the mutants under conditions
promoting population of folding intermediates. In the pres-
ence of inhibitor the profiles become well defined with a
wild type like (HCA ll ) appearance.

DISCUSSION

A huge number of diseases are associated with protein
misfolding. In many cases these are loss-of-function diseases
where compromised protein stability renders misfolding of

H107Y mutant was investigated in the same manner (Figure an important enzyme. In the gene encoding HCA 1l several

5b). Already from 0 to 0.05 M GuHCI a dramatic difference
in fluorescence intensity was observed, which correlated well
with the lowC,,N~' of 0.04 M for H107Y by Trp fluorescence
shift (Figure 3, Table 2). At GuHCI concentrations between

autosomal recessive mutations have been found associated
with carbonic anhydrase Il deficiency syndrome also known
as marble brain disease and Guibaiinsel syndrome34,

35). A number of these mutations result in early translation
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FiGURe 4: Suppression of molten globule by acetazolamide. (a) ANS fluorescence of HgAnd all mutants as a function of GuHCI

in the presence (red bars) and absence (black bars) of the small molecule inhibitor acetazolamide. The protein concentratiokl was 0.8
in 100 mM sodium borate buffer, pH 7.5, 40M ANS, temperature £C. The final concentration of acetazolamide wasiM0. The
integrated area in the total ANS-philic intervaH2 M GuHCI) is summarized in Table 2. (b) Lack of correlation between the suppression
of molten globule, i.e., Molten Globute (ANS fluorescence in the presence and absence of acetazolamide (Ac)) and the stabilizing Gibbs
free energy of binding of acetazolamid&/AGA°).

termination, and others are missense point mutati@ds ( for understanding the devastating effect of mutation in
16). Previous data on the H107Y mutation have demonstratedposition 107. The single mutants showed high enzyme
that this mutant is a remarkably destabilizing folding activity with no correlation to impact on protein stability and

mutation. The loss-of-function of H107Y was evidently a folding. Previously we have shown for other HCA Il mutants

folding defect, since the mutant shows high &@dration that there is no correlation between stability and enzyme
activity (64%) compared to that of the wild type enzyme at activity (27). H107 is a part of a H-bond network that

low temperature, while its stability was highly compromised originates from the active site Zn-ion ligand H119 and ends
(18). In this study we confirmed that enzyme activity at W209 with the following sequence of residues: H119-
measured at low temperature for HCA Il is a very poor probe E117-H107-Y194-S29-S197-W208Bg). H107 is also a
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Ficure 5: Phase diagram analysis. Tryptophan fluorescence (at 320 nm: 1320 and at 365 nm: 1365) phase diagrams in various concentrations
of GuHCI at 4°C, indicated with numbers, of HCAJI; and H107Y. (a and c) HCA }li; (b and d) H107Y. (a and b) in the absence and
(c and d) presence of 12.5 fold molar excess of the inhibitor acetazolamide (Ac); final concentratior~of@\e¢M.

neighbor to E106 that together with T199 acts as a Notably, all mutants in position 107 are very destabilizing,
“doorkeeper” orienting the catalytic Zn-bound wat@&7), demonstrating the stabilizing importance of this highly
A possible explanation for the high activity of H107A in  conserved histidine residue in HCA 1l. A reasonable linear
our study is that this mutation will induce the least sterical correlation ( = 0.945) between th&,, andAG for unfolding
interference with residue 106 compared to the bulkier of the native state was obtained and is shown in Figure 6a,
substitutions. The exceptional destabilization by the H107Y which corroborates that temperature and GuHCI-induced
mutation merited to be investigated through a mutational unfolding likely probe the same unfolding transition, i.e.,
survey to enable thermodynamic interrogation of the folding unfolding of the native state. This also holds true in the
defect. Of particular interest was the finding that H107 and presence of the small molecule inhibitor acetazolamide.
E117 showed two possible H-bonds in the crystal structure However, several outliers are evident, and interestingly these
(Figure 1) and an implicated third H-bond. A shifteljof are clustered in the 3040 °C range (Figure 6a). Importantly,
H107 could render this residue partially charged at physi- all mutants populate partially folded states over a wide range
ological pH (pH 7.5) to strengthen the interaction with the of temperatures. This intermediate is not as aggregation prone
negatively charged H-bond partner E117. A pH variation in as the classical molten globule state and exposes less
the erythrocyte cytoplasm (which can vary between pt8% hydrophobic surfaces and was therefore previously assigned
could also influence the interaction between these two the molten globule light statel8). For H107Y and H107F
residues. The E117A mutant has lower Zn-affinity (48 fold this preaggregation population window of the molten globule
lower than wild type, but still has an association constant of light state ranges over 40 degrees B0 °C) before the
2.5 x 10 M~1) (38). In our studies it was evident that mutants aggregate. A cross-linking study of H107Y at 4, 25,
E117A showed the weakest binding of acetazolamide of the 37, and 55°C shows that the mutant does not form
tested mutants which likely stems from the reported weak- aggregates or higher order oligomers in this preaggregation
ened Zn affinity in the active site. The interaction energy of temperature range at a protein concentration pVB(data
H107 and E117 (at pH 7.5) in the wild type enzyme was not shown). Hence, in contradiction to what would be
calculated by comparing the energies of two single mutants expected there was no correlation between the thermal
and a double mutant and was found to be very low, merely stability and the appearance of visible aggregates (Figure
0.6 kcal/mol. Previously this method has been used to show6b). This shows that all the destabilized mutants in this study
how important salt bridges and electrostatic interactions are populate the distinct partially unfolded molten globule light
to the stability and folding of several protein39(-42). state that is not as aggregation prone as the classical molten
The double mutant HI07A/E117A is unfolded to the globule state which HCA }l: directly populates during
molten globule light state, and H107N/E117A has an almost thermal unfolding. Furthermore we obtained no correlation
0 kcal/mol AG of folding even at 4°C, rendering it between enzyme activity at low temperatures and protein
essentially unfolded to the molten globule light state in the stability (Table 1). We do however see significant correlation
absence of stabilizing small molecule inhibitor. between the protein yield and protein stability (Figure 6b).



H107Y/F/N/A Mutants of Carbonic Anhydrase I

12

0l a
£ s
w
[¢]
< 6
o
g
z 4
9]
<
2 -
0 — ——
0 10 20 30 40 50 60 70
T (°C)
80 70
70- b 160
60 =
5 40
|- m_|
% 40-{ -
% L30 O
$ 30
20, 20
10- 10
0 ———— . 0
0 10 20 30 40 50 60 70
T_(°C)

Ficure 6: Correlation of thermal and GuHCI stability. (a) Cor-
relation between GuHCI determined stability’@) and the thermal
stability (T,) of the first unfolding transition AGy,":°) of HCA

Il st @and mutants both in the absence and presence of acetazolamid
The data fits to a linear function with a regression coefficient
0.945. (b) Correlation between yield of mutant HCA 1l expressed
in E. coliat 22°C and thermal stabilityT,), (filled circles), which
indicates a transition-like curve with an increased yield for mutants
with Tys in the range 3455 °C. The curve showin@r, versus
aggregation temperaturé,j (open circles) lacks any obvious trend
showing thafT, is independent of,.

A very similar observation was made for mutants of p53
expressed irkE. coli (43). Purification of HCA Il fromE.

coli requires a functional active site; hence, this indicates
that underin vivo conditions the lowered thermodynamic
stability of the HCA Il mutants reduce the level of folded
protein. Here the protein was expressed at’€2and the
increased yield transition cut off was at considerably higher
temperatures 3455 °C.

For GuHCI denaturation collectively the ANS and phase
diagram analysis lead us to conclude the following: (i) all
mutants do populate the molten globule light and molten
globule states and that the molten globule light state for the
mutants represents a dynamic ensemble of conformational
states; (ii) the inhibitor acetazolamide functions as a chemical

chaperone and suppresses the pathway leading to formation
of the intermediate states and forces the mutants to behave 3

more wild-type-like. This suppression effect is not linearly

correlated to acetazolamide-induced native state stabilization.

Nevertheless, the window of populating the molten globule
light intermediate ensemble and the possibility to suppress
this population by small molecules can be explored for
structure determination of intermediates and screening for
misfolding inhibitors.

In summary the thermodynamic stability of the HCA I
mutants in this study was in the following order:

Biochemistry, Vol. 47, No. 5, 2008.297

HCA Ilpw > H107N > E117A > H107A > H107F >
H107Y > H107N/E117A> H107A/E117A.

In conclusion: (i) H107N, commonly present in the
analogous position in NGCA is the least destabilizing
mutation likely due to compensatory H-bonding ability of
the Asn side chain. (i) Double mutant cycles surprisingly
revealed additive destabilization of H107N and E117A,
showing that H107 and E117 are independently stabilizing
the folded protein. (iii) HL07Y and H107F are exceptionally
destabilizing mutations due to bulkiness of the side chains,
whereas H107A is more accommodating. This indicates long-
range destabilizing effects of the disease-associated H107Y
mutation.

This study has shown that it can be dangerous to draw
conclusions about protein stability and folding only based
on interactions identified in a structural model or from
enzyme activity measurements. Rather when the structural
and genetic information was complemented with biophysical
measurements of protein stability on a number of mutants
in the position of interest and in a neighboring position, a
more detailed picture of the importance of residue 107 was
obtained. Nevertheless, we were surprised at the indepen-
dence of the stabilizing interactions between two obvious
interacting residues in the structural model. Hence, the
interaction between these heavily conserved (H107 and E117)
residues in carbonic anhydrases is likely not important for
stability per sebut plays essential roles as important links
in the H-bond network surrounding the outer shell of the

@Active site. To understand the consequences of mutations

causing protein misfolding, one needs to take into account
not only the lost native residue contacts but also possible
destabilizing interactions from the introduced residue. Fur-
thermore, compensatory interactions such as H-bonds can
partially restore lost stabilizing contacts, and evidently the
network of interactions in a large folded protein is rarely
binary.

SUPPORTING INFORMATION AVAILABLE

Trp- fluorescence phase diagram analyses in GUHCI of
HCA Il mutants (at 4°C) in the absence and presence of
the inhibitor acetazolamide. This material is available free
of charge via the Internet at http://pubs.acs.org.
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